The evolutionary maintenance of sex is one of the big unresolved puzzles in biology [1] . All else being equal, all-female asexual populations should enjoy a two-fold reproductive advantage over sexual relatives consisting of male and female individuals [1] . However, the ''all else being equal'' assumption rarely holds in real organisms because asexuality tends to be confounded with altered genomic constitutions such as hybridization [2] and polyploidization [3] or to be associated with parthenogenesis-inducing microbes [4, 5] . This limits the ability to draw general conclusions from any particular system. Here we describe a new system that permits unbiased comparisons of sexual and asexual reproduction: the parasitic wasp Lysiphlebus fabarum. Crossing experiments demonstrated that asexual reproduction has a simple genetic basis in this species and is consistently inherited as a single-locus recessive trait. We further show that the asexuality-inducing allele exhibits complete linkage to a specific allele at a microsatellite marker: all asexual lines in the field were homozygous for this allele, and the allele cosegregated perfectly with asexual reproduction in our experimental crossings. This novel system of contagious asexuality allows the production of closely related individuals with different reproductive modes, as well as the monitoring of the asexuality-inducing allele in natural and experimental populations.
Results
Lysiphlebus fabarum (Hymenoptera: Braconidae: Aphidiinae) is a solitary endoparasitoid of aphids. Female wasps oviposit a single egg into their aphid hosts. The parasitoid larva develops inside the still-active aphid and eventually kills the host to complete its development. These parasitoids exhibit two modes of reproduction. In sexual (arrhenotokous) populations, diploid females develop from fertilized eggs, and haploid males develop from unfertilized eggs [6] ; this is the typical mode of reproduction in the insect order Hymenoptera. In asexual (thelytokous) populations of L. fabarum, females do not mate and only produce daughters without fertilization. Normal meiosis is initiated in asexual females, but a metaphase II restitution restores diploidy via fusion of the two groups of univalent chromosomes. This process, which is completed by an equational division, is genetically equivalent to central fusion automixis [7] [8] [9] : heterozygosity is maintained except for genomic regions distal to chiasmata [10] [11] [12] .
In the Hymenoptera, thelytokous parthenogenesis is frequently induced by endosymbiotic bacteria such as Wolbachia, Cardinium, or Rickettsia [4, 5, 13, 14] . However, central fusion automixis is not characteristic of microbe-induced parthenogenesis, and molecular as well as microscopic screens so far have provided no evidence for Wolbachia in L. fabarum [7, 15, 16] . Instead, a population genetic survey of European L. fabarum (see Table S1 for coordinates), in which microsatellite loci were used [17, 18] , pointed at a nuclear genetic basis of thelytoky in this species. We observed a perfect correspondence between allelic variation at one microsatellite locus (Lysi07 [17] ) and reproductive mode: As shown in Figure 1A , this polymorphic locus is always homozygous for allele 183 in thelytokous females (n = 334), but it is never homozygous for this allele in arrhenotokous females (n = 186), in which allele 183 occurs at a frequency of only 4.6%. Such a pattern could arise if thelytoky is determined by a single recessive allele that is linked to this particular microsatellite allele.
We established several thelytokous isofemale lines of L. fabarum of different origins in the laboratory. In mass cultures we observed that males were occasionally produced at a low rate of approximately one male in 3000 females. Comparing these males' microsatellite genotypes with maternal genotypes showed that the males only possessed a single allele at all loci, including those loci for which maternal genotypes were heterozygous (see Table S2 ). This is consistent with these males' being haploid and suggests that they are formed by failed fusion of meiotic products during automixis. Here, we exploit this unique opportunity to elucidate the genetic basis of thelytoky in L. fabarum by crossing these males with females from arrhenotokous lines. Males from thelytokous lines would inherit genes responsible for thelytoky from their mothers. If fertile, such males might then act as vectors for the relevant alleles and ''infect'' sexual lines with thelytoky. This process has also been described for other organisms, such as Daphnia [19] [20] [21] or aphids [22] , and is termed ''contagious parthenogenesis'' [23] .
We mated each of ten haploid males that were spontaneously produced by three thelytokous lines (patrilines P1-P3; Table S2 ) to six or seven virgin females from three arrhenotokous lines that did not possess microsatellite allele 183 at locus Lysi07 (matrilines M1-M3; Table 1, Figure 2 ). This resulted in a total of 68 parental crossings, of which 55 yielded female offspring (81%), showing that males from thelytokous lines are indeed fertile and that there are no obvious incompatibilities between arrhenotokous and thelytokous lines of L. fabarum. All ten males sired daughters with females of each arrhenotokous line; their paternity was confirmed by microsatellite analysis. To determine the reproductive mode of F 1 females, we allowed two virgins per parental cross to oviposit (Figure 2 ). They produced haploid sons only, demonstrating that they were arrhenotokous and thus that thelytoky *Correspondence: christoph.sandrock@ieu.uzh.chis not a dominant genetic trait ( Table 1 ). The remaining F 1 females of each cross were allowed to mate with their brothers, and the resulting F 2 generation was again allowed to mate with siblings to produce the F 3 generation (Figure 2 ).
If thelytoky is determined by a single recessive allele, we would expect an average of 12.5% of the F 3 females from each parental cross to be thelytokous ( Figure 2 ). The F 3 generation was reached in 50 progenies from nine parental combinations (five families were lost; Table 1 ), and we determined the mode of reproduction on average for seven F 3 virgin females per progeny. Summarized over all progenies, 43 out of 344 F 3 virgin females were thelytokous and produced diploid daughters without fertilization; all others (n = 301) were arrhenotokous and produced haploid sons only (Table 1) Two F 1 virgin females from 53 out of the 55 daughter-producing parental crossings were tested for their mode of reproduction (two crossings were discarded because all virgin females died prior to testing). All F 1 virgins produced sons only, indicating that thelytoky is not inherited as a dominant trait. The F 2 generation of each daughter-producing parental crossing was founded by a single mated F 1 female. Four to ten mated F 2 daughters from each F 1 mother were allowed to oviposit individually to produce F 3 progenies. These multiple ''subfamilies'' within progenies of the original parental combinations were necessary to account for the fact that four different F 2 genotype combinations are expected with equal probability under single-locus inheritance (see Figure 2 ). F 3 virgin females were randomly selected at equal proportions among subfamilies within progenies so that their reproductive mode could be determined (4-24 [mean = 7] virgins per progeny were selected from 1-14 progenies per combination of parental origins). Pooled over progenies, none of the parental combinations deviated significantly from the expected 7: 1 ratio of reproductive modes, nor did a combination of all F 3 females (pooled over parental combinations).
is exactly equal to the expected 12.5% over all progenies if thelytoky is based on a single recessive allele (c 2 1 = 0.00, p = 1.00). This overall result is strongly influenced by patriline P1, which contributed eight of the ten males used in the parental crossings (Table S2) . However, there is no indication that this would have biased the result; we observed no significant heterogeneity in the ratio of sexual to asexual F 3 virgins among parental combinations (c 2 8 = 0.284, p = 1.00). These ratios did not differ significantly from the expected 7:1 ratio for any of the individual combinations of parental origin (Table 1) , and we would have reached the same conclusion by just considering the crosses produced by patrilines P1 and P3. This consistency among various combinations of parental genetic backgrounds and the strict recessivity are thus in accordance with our hypothesis that the reproductive mode of L. fabarum is controlled by a single major factor and that a recessive allele causes thelytoky.
Our crossing experiments also supported the suspected linkage of allele 183 at microsatellite locus Lysi07 to the putative thelytoky-determinig factor. All ten males from thelytokous lines but none of the arrhenotokous females used in the parental generation carried this allele. We genotyped all 43 thelytokous females and 214 of the 301 arrhenotokous females from the resulting F 3 generation at locus Lysi07. All thelytokous but none of the arrhenotokous females were homozygous for allele 183 (Figures 1B-1D) . Thus, the observed pattern of allelic variation in the field and the perfect cosegregation in the crossing experiment reported here independently show that allele 183 is tightly linked to a genetic region responsible for the induction of thelytoky. So far, it remains unclear whether they are located in close physical proximity or just within a larger genomic region of suppressed recombination. That a single allele at the otherwise polymorphic microsatellite Lysi07 segregates with thelytoky all over Europe suggests a single recent origin of the parthenogenesis-inducing genetic factor in Lysiphlebus and a subsequent rapid spread across the species range. This would imply that asexual lineages should be monophyletic at genomic regions tightly linked with thelytoky induction but polyphyletic at the rest of the genome that gets ''captured'' from the sexual lineages. Such a pattern would be consistent with phylogenetic analyses indicating a polyphyletic and young origin of parthenogenetic L. fabarum [15] .
Discussion
We produced 43 new and genetically unique parthenogenetic lines of L. fabarum by introgressing a recessive, thelytokyinducing factor into previously sexual lines. We were able to do this because thelytokous lines occasionally produce males that act as vehicles for this factor, demonstrating the potential for contagious parthenogenesis in Lysiphlebus. The spread of asexuality genes through males produced by obligate asexuals is also observed in Daphnia [19] , in which meiosis suppression is determined by an epistatic interaction of at least four loci acting in a dominant fashion [21] . The genetic basis of thelytoky in L. fabarum seems simple in comparison, yet its spread might be hampered by recessivity. Either it would rely on inbreeding after rare matings between males from thelytokous lines and arrhenotokous females or such matings would have to be frequent enough to maintain the responsible allele in arrhenotokous populations at a frequency sufficient to produce homozygotes at least occasionally. Considering that the thelytoky-linked microsatellite allele 183 occurs at a frequency of about 4.6% pooled over all arrhenotokous populations we sampled ( Figure 1A) , this probability could indeed not be negligible.
Contagious parthenogenesis has important evolutionary consequences because it allows the continuous formation of new asexual genotypes. This, in turn, allows for high levels of genotypic diversity in parthenogens and counteracts the evolutionary loss of asexual genotypes that results from the accumulation of deleterious mutations or the inability to adapt to environmental change [24] . Parthenogenesis-inducing genes are thus expected to occur at high frequencies [25, 26] . Indeed, asexual populations of L. fabarum are more common than sexual populations, yet the coexistence of thelytokous and arrhenotokous lines can also be observed in parts of its distribution range [15] . Such populations will Parental crossing (P), followed by filial generations (F 1 -F 3 ). Males are haploid (see Table S2 ), and females are diploid. Female symbols with a ''V'' on top represent virgins. Thelytokous (asexual) paternal genetic origin is in black, arrhenotokous (sexual) maternal origin is in white, and composite symbols represent heterozygous females. F 1 and F 3 virgin females were tested for their mode of reproduction in each progeny ( Table 1) . As a result of haplo-diploidy, F 1 males developed from unfertilized eggs of their arrhenotokous mothers and thus did not carry any paternal alleles, yet their sisters were heterozygous for paternal alleles derived from the thelytokous lines. A single mated F 1 female was chosen per parental cross to produce the F 2 generation. These females then produced the F 2 males from unfertilized eggs and the F 2 females from eggs fertilized by their brothers. Therefore, any allele derived from thelytokous lines is present in a hemizygous state in 50% of the haploid F 2 males and in a heterozygous state in 50% of the diploid F 2 females. If random mating among siblings occurs in the F 2 generation, it is expected that 12.5% of the F 3 females will be homozygous and 50% will be heterozygous for any allele of thelytokous origin, whereas 37.5% will carry alleles of arrhenotokous origin only. Determination of thelytoky by a single recessive allele yields the expectation of a 7:1 ratio between arrhenotoky and thelytoky, and this ratio was indeed observed in the F 3 females (see Table 1 ).
provide an outstanding opportunity to study why sex is maintained in the population because the simple genetic basis of thelytoky in L. fabarum ensures that asexual reproduction is not confounded with hybridization, polyploidy, or microbe infection, which often preclude valid comparisons in other sexual-asexual complexes [23] . Furthermore, the observed linkage with allele 183 at the microsatellite marker Lysi07 allows us to track the frequency of the asexuality-inducing allele in the field and in experimental populations. We are aware of only one other case of single-locus recessive inheritance of thelytokous parthenogenesis: the Cape honeybee (Apis mellifera capensis) [27] . Interestingly, this is also a hymenopteran species, and it restores diploidy by a similar mechanism of central fusion automixis [28] . Although the genomic resources from the honeybee genomesequencing project have already allowed the identification of a candidate locus for the thelytoky gene in the Cape honeybee [29] , we foresee that the tight linkage of thelytoky to a genetic marker in L. fabarum will ease the effort of locating candidate coding regions in this nonmodel species. Regarding the biological differences between L. fabarum and the Cape honeybee, e.g., solitary versus social and parasitoid versus nonparasitoid mode of life, we believe that this work will also broaden our understanding of the evolution of parthenogenesis and the underlying genetic pathways in the Hymenoptera.
Experimental Procedures
Field Sampling Parasitoids were sampled between 2004 and 2008 at 15 sites in six countries across Europe (Table S1 ). We harvested visibly parasitized (''mummified'') host colonies of several aphid species known to be hosts of L. fabarum. Approximately 35 parasitoid samples from the following host species were collected at each site: Aphis fabae, A. ruborum, and A. hederae. Colonies were stored in aerated containers until parasitoids emerged. We determined the reproductive modes of up to three virgin females per sample of L. fabarum in the laboratory, either by using individuals from field samples directly or by using those from laboratory-cultured F 1 offspring, if in the original sample both sexes had emerged before reaching the laboratory and mating could not be excluded. Virgins of thelytokous L. fabarum only produce daughters, whereas arrhenotokous virgins only produce sons. All tested virgins of each sample were genotyped at 12 microsatellite loci (see below). For some samples in which all wasps had died during transport or the virgins tested did not reproduce, the reproductive mode was inferred indirectly from the sex ratios detected in the original samples and from genotypic information. Such samples were classified as thelytokous when they contained only females and when multiple females shared identical multilocus microsatellite genotypes-a highly unlikely pattern for sexually produced offspring. Accordingly, experimentally undetermined field samples were classified as arrhenotokous when both sexes were detected and when each individual tested had a unique multilocus genotype. In general, the genotyping showed that a single aphid colony had been attacked by a single female parasitoid (arrhenotokous or thelytokous). Only a few samples yielded multiple thelytokous genotypes (9.4%) or offspring of both reproductive modes (0.7%).
Origin of Crossed Lines
Lines used for the crossing experiment were all sampled in 2006 (Table S1) and established in the laboratory from single thelytokous or mated arrhenotokous females. These isofemale lines were in culture for approximately 25 generations before the experiment started. The following thelytokous lines spontaneously produced the males used in the crossing experiments: P1 (one male) sampled on Aphis hederae in Rennes, Brittany (France); P2 (eight males) sampled on A. hederae near St. Margrethen (Switzerland); and P3 (one male) sampled on A. fabae near Cambridge (UK). The three arrhenotokous lines providing the virgin females for the parental generation were all sampled from A. hederae. They were M1 (Lunel, Camargue, France); M2 (Grimaud, Cô te d'Azur, France), and M3 (Gelnhausen, Hesse, Germany).
Culturing conditions L. fabarum was cultured under standard conditions (16 hr light: 8 hr dark, 20 C). A single clone of A. fabae reared on Vicia faba was used as a host. Parasitoid isofemale lines were maintained as mass cultures in plastic cages (0.3 3 0.2 3 0.15 m) and were continuously provided with hosts on plants. For the crosses, parasitoids were bred on host colonies growing on potted seedlings of V. faba covered by cellophane bags tightly sealed to the pot with a rubber band. To establish host colonies, we placed five adult aphid females on the plants to reproduce. After three days, the adult aphids were removed from the plants, and the parasitoids were added for two days to parasitize 1-3-day-old aphid nymphs (approximately 100 nymphs per plant). One parasitoid larva develops inside each living aphid and feeds on host tissue until it kills the host before pupation, for which the parasitoid spins a cocoon inside the aphid's exoskeleton. This stage is called a mummy and is typically formed approximately eight days after oviposition. To obtain virgin females, we isolated mummies and stored them individually in small plastic tubes with perforated lids. We checked for emergence twice per day and used newly emerged females immediately for tests of their reproductive mode. If mated females were required for further breeding (F 1 and F 2 generation), plants carrying the mummies were cut 13 days after infection and sealed in cellophane bags. One day after both sexes had emerged and mating activity was observed, females were picked randomly and offered hosts individually to produce the next generation.
Crossing Procedure and Genotyping
For the experimental crossings of the parental generation ( Figure 2 ) the males from each thelytokous line were paired with virgin females from all three arrhenotokous lines (Table 1) . Wasps were paired in transparent tubes and monitored under a dissection scope until mating was clearly observed. Each female in the parental crosses was mated only once. Individuals used for genotyping were stored in absolute ethanol after oviposition until they were used for DNA extraction with Chelex [17] . Microsatellite genotyping of single wasps (12 loci) was conducted via a standard multiplex protocol [17, 18] .
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